The consequences of the Neolithic transition in Europe-one of the most important cultural changes in human prehistory-is a subject of great interest. However, its effect on prehistoric and modernday people in Iberia, the westernmost frontier of the European continent, remains unresolved. We present, to our knowledge, the first genome-wide sequence data from eight human remains, dated to between 5,500 and 3,500 years before present, excavated in the El Portalón cave at Sierra de Atapuerca, Spain. We show that these individuals emerged from the same ancestral gene pool as early farmers in other parts of Europe, suggesting that migration was the dominant mode of transferring farming practices throughout western Eurasia. In contrast to central and northern early European farmers, the Chalcolithic El Portalón individuals additionally mixed with local southwestern hunter-gatherers. The proportion of huntergatherer-related admixture into early farmers also increased over the course of two millennia. The Chalcolithic El Portalón individuals showed greatest genetic affinity to modern-day Basques, who have long been considered linguistic and genetic isolates linked to the Mesolithic whereas all other European early farmers show greater genetic similarity to modern-day Sardinians. These genetic links suggest that Basques and their language may be linked with the spread of agriculture during the Neolithic. Furthermore, all modern-day Iberian groups except the Basques display distinct admixture with Caucasus/Central Asian and North African groups, possibly related to historical migration events. The El Portalón genomes uncover important pieces of the demographic history of Iberia and Europe and reveal how prehistoric groups relate to modern-day people.
Ancient DNA | human prehistory | population genomics T he first practice of farming started ∼11,000 years before present (yBP) in the Near East, before spreading west and north across Europe and transforming the way of life from small, mobile hunter-gatherer (HG) groups to larger sedentary, agrarian societies. Genomic studies of Stone-Age human remains from northern and central Europe have shown that the Neolithic transition was driven by migration, followed by subsequent admixture with HG groups (1-3). More than 3,000 km away from the Near Eastern origin of farming practices, the Iberian Peninsula represents the western geographic extreme of the Neolithic transition, which reached the Spanish Mediterranean coast ∼7,650-7,550 yBP, the Iberian interior 7,350-7,250 yBP (4), and the Northern Cantabrian coast around 7,300-6,800 yBP (5). Investigations of mitochondrial DNA (mtDNA) haplogroup variation from Neolithic and Chalcolithic Iberian samples have been inconclusive, with some suggesting modern-day Near Eastern affinities (6) and others suggesting complex admixture between hunter-gatherers and farmers (7) . The processes and consequences of the Neolithic transition in the Iberian Peninsula are, thus, contentious. The relationship of early Iberian farmers to their Central European counterparts and HG groups in Iberia, as well as their contribution to the present-day genomic variation in Iberia, is crucial to understanding the demographic history of the region. Of particular interest is the connection of Basques to different ancient groups in Iberia, to shed light on their long-debated origins (6) (7) (8) (9) (10) (11) (12) (13) .
We investigated the remains of eight individuals from the Chalcolithic and Bronze Age periods excavated from the cave of the El Portalón de Cueva Mayor, of the Sierra de Atapuerca (Fig. 1A and SI Appendix, Fig. S1 )-a site with a remarkably rich archaeological record, with human occupation from the Paleolithic to the historical period (14) (SI Appendix, section S1). The
Significance
The transition from a foraging subsistence strategy to a sedentary farming society is arguably the greatest innovation in human history. Some modern-day groups-specifically the Basques-have been argued to be a remnant population that connect back to the Paleolithic. We present, to our knowledge, the first genome-wide sequence data from eight individuals associated with archaeological remains from farming cultures in the El Portalón cave (Atapuerca, Spain). These individuals emerged from the same group of people as other Early European farmers, and they mixed with local hunter-gatherers on their way to Iberia. The El Portalón individuals showed the greatest genetic affinity to Basques, which suggests that Basques and their language may be linked with the spread of agriculture across Europe. human remains were associated with offerings, such as domestic animals and pottery vessels corresponding to the pre-Bell Beaker culture, and were directly radiocarbon-dated to between ∼5,500 (Chalcolithic) and ∼3,500 cal yBP (Bronze Age) (SI Appendix, Table S1 and Fig. S2 ). Seven of the burials contained fragmentary human remains whereas one burial was a near-complete skeleton of a male child showing signs of chronic malnutrition (15) (SI Appendix, section S1).
Results and Discussion
We generated genome-wide sequence data from all eight El Portalón individuals (Table 1 and SI Appendix, Table S2 ) ranging from 0.01× to 4.08×, with four individuals with a depth of coverage at >0.4×. All samples displayed features characteristic of ancient DNA (16): (i) The DNA was fragmented and (ii) cytosine deamination was consistently higher at fragment termini (SI Appendix, section S3). Mitochondrial (mt) DNA-based contamination estimates were <1.5% for all four >0.4× coverage individuals ( Table 1) . The eight individuals, genetically inferred to be four males and four females (Table 1) , carried mtDNA haplogroups associated with early farmers of Europe (e.g., haplogroups K, J, and X) (10, 17) , with hunter-gatherers (e.g., haplogroup U5) (18), or with both groups (e.g., haplogroup H) (17) (SI Appendix, section S4 and Dataset S2). Two Y-haplogroups were also determined (haplogroups H2 and I2a2a), but, given the small sample size, it is difficult to draw any solid conclusion (SI Appendix, section S5). The mtDNA-and Y-haplogroup composition of the El Portalón individuals is consistent with admixture between the incoming farmers and local HG groups, with contributions from both sexes (SI Appendix, sections S4 and S5). In addition, we inferred phenotype information from known genotype-phenotype associations, and we note that the phenotypes of the El Portalón individuals are in line with previous studies (SI Appendix, section S6) (1, 2, 10). The El Portalón mtDNA-haplogroup composition differs from a Chalcolithic sample of the El Mirador cave, also located in the Atapuerca cave system (6), which can be a consequence of somewhat limited sample sizes for this comparison. However, if this observation is supported by more extensive data from the two caves, it suggests stratification at a small geographic scale and complex population composition among early Iberian farmers, although detailed interpretations are limited for these single-locus comparisons.
Principal component analysis (PCA) of the El Portalón farmers together with relevant published Chalcolithic, Neolithic, and Mesolithic European genome-wide sequence data (1, 2, 10, 12, 19) ( Fig. 1 A and B) and a large set of modern-day Europeans (1) (Fig.  1C and SI Appendix, section S7) revealed a distinct separation of hunter-gatherers and early farmers irrespective of their geographic location (Fig. 1C) . The closest extant populations to hunter-gatherers from Iberia, Scandinavia, and Central Europe are Northern Europeans; however, the hunter-gatherers fell outside the range of modern-day European genetic variation ( Fig. 1C) . In contrast, early farmers from Iberia, Scandinavia, and Central Europe grouped with modern-day Southern Europeans, consistent with outgroup f 3 statistics (SI Appendix, Fig. S8 ). These results demonstrate that early European farmers, including those in Iberia, emerged from a common group of people (SI Appendix, section S11 and Dataset S3). This observation indicates that farming was brought to Iberia via migration, similar to the process in Scandinavia (2, 3) and Central Europe (1).
We fitted an admixture graph model for ancient individuals with the greatest genome coverage (20) (using the Denisovan genome as an outgroup and ascertaining genetic variants in Yorubans) (21) (SI Appendix, section S9), which confirmed the known connection between Scandinavian hunter-gatherers (Motala12) and a Paleolithic Siberian (MA1) (1, 2). Chalcolithic farmers (Iberian ATP2 and the Tyrolean Iceman) and Scandinavian Neolithic farmers (Gok2) traced a substantial amount of their genetic ancestry to European HG groups, in contrast to the earliest farmers of Central Europe (NE1 and Stuttgart) ( Fig. 2A) , and this increase in HG admixture across Europe was significant as a function of time ( (Fig. 2A) whereas contemporary farmers from Central Europe (Iceman) and Scandinavia received their (best-fit) HG admixture from Scandinavian hunter-gatherers ( Fig. 2A) . These inferred admixture events A B demonstrate that different farmer populations had different HG groups as the best proxy for the source of admixture (D-tests showed similar results of multiple admixture events in different parts of Europe) (SI Appendix, section S11 and Dataset S4). These analyses showed that, whereas early farmers-who were likely more numerous than the hunter-gatherers (SI Appendix, Fig. S9 )-spread across Europe, they assimilated HG populations, a process that continued locally for several millennia (2, 17) . To further investigate the relationship between the El Portalón farmers and modern-day individuals, we inferred admixture fractions (22) among a large set of modern-day individuals from Eurasia and North Africa (Fig. 3A and Datasets S1 and S5). All modern-day Iberian groups displayed ancestry from early farmers and hunter-gatherers and also showed admixture from North Africa (Fig. 3A, yellow component) (23) and the Caucasus/ Central Asia (Fig. 3A, dark purple component) , potentially related to the observed migration during the Bronze Age (24, 25) or the later Roman Empire ruling of Iberia. Basques (including French Basques) were an exception; they display ancestry from early farmers and hunter-gatherers, similar to other modern-day Iberian groups, but little or no admixture from North Africa and the Caucasus/Central Asia (1, 23) (Fig. 3A and SI Appendix, section S10). Interestingly, among all European groups, Basques and Sardinians displayed strong genetic affinity to the El Portalón farmers (Fig. 3B and SI Appendix, Fig. S8 ). However, all other early farmers were closer to Sardinians (SI Appendix, Figs. S11 and S12), and Basques were closer to El Portalón individuals (or equally close for Gok2) compared with all other early farmers (SI Appendix, Fig. S13 ). To further test the scenario of Basques being the genetically most similar group to the El Portalón farmers, we computed D-statistics for different population topologies. All topologies where Basques were an outgroup to the highest coverage El Portalón individual (ATP2) and another modern-day Spanish population-D(Mbuti, Basques; other Spanish, ATP2)-were rejected [36 tests, false discovery rate (FDR) < 0.01] (SI Appendix, section S11) whereas all topologies using Basques as an ingroup with ATP2, and another Spanish population as an outgroup, were consistent with the data. Test results for the other ATP individuals showed qualitatively similar patterns (SI Appendix, section S11 and Datasets S6 and S7). Our data suggest that modern-day Basques traced their genetic ancestry to early Iberian farmers.
This high similarity of modern Basques to El Portalón individuals was surprising because Basques have been posited as a remnant isolated population with a close relationship to the Mesolithic inhabitants of the region, based on classical genetic markers (26) and mtDNA haplogroup data (8) , although the level of continuity has been unclear (12, 13) . The Basque language (Euskara) is a linguistic isolate, with no proven relationships with any languages now spoken in Europe or elsewhere (11) , and it has commonly been concluded that the Basque language is a relict of the ancient, preagricultural linguistic diversity of Europe, with roots as far back as the Paleolithic (SI Appendix, section S12) (9) . Our data, suggesting that Basques trace their genetic ancestry to early Iberian farmers, challenges this assumption. The alternative interpretations of the linguistic history of Europe are, however, unclear. The remaining languages of Western Europe belong to the Indo-European family (27) . The origin of the Indo-European language family is itself controversial (28) , with most debate polarized between proponents of the steppe hypothesis, that Indo-European was introduced into Europe from the East during the Bronze Age (∼4,500 yBP) (29) , and the Anatolian hypothesis, that IndoEuropean language dispersed from Anatolia during the Neolithic (30, 31) . There was genetic turnover associated with Yamnaya and Corded Ware cultures at ∼4,500 yBP, which may A B thus be associated with a primary or secondary dispersal of IndoEuropean languages (25) . A possible interpretation of the role of Basque in this scenario would be that it is a descendent of the language (or one of the languages) of the early farmers, and some scholars have posited that the Basque language was related to the pre-Roman language of Sardinia (Paleosardo) (32) . The two Southern European population isolates of Sardinians and Basques were genetically associated with the early farmers of Europe that drove the Neolithic transition (1-3) , and close contacts between Iberia and Sardinia in the Neolithic are also indicated by archaeological finds (33) . However, the possibility remains that the Basque language is a retention of the preagricultural linguistic diversity.
Conclusions
In summary, our ancient genomic sequence data from the El Portalón individuals and our analyses suggest the following model of events: The incoming early farmers, who could have spoken a non-Indo-European language, assimilated resident hunter-gatherers, with this admixed group becoming the ancestors of modern-day Iberian groups. Basques remained relatively isolated (compared with other Iberian groups) with marked continuity since the Neolithic/Chalcolithic period, but not since the Mesolithic (contrary to refs. 8, 9, and 26). Later migration into Iberia, possibly during the long reign of the Roman Empire and the 7th to 13th century period of Moorish rule of the peninsula, led to distinct and additional admixture in all Iberian groups but the Basque population (23) .
Materials and Methods
Archaeological Samples. Sixteen bone and teeth human remains, representing sixteen individuals from the Chalcolithic and Bronze Age site of El Portalón (Spain) (14) were sampled for ancient DNA analyses. The samples had been excavated between 2000 and 2012, and C14 dates were obtained for each of them using accelerator mass spectrometry (AMS). See SI Appendix, section S1 for details.
Sequencing. DNA was extracted from bones and teeth (34) (35) (36) ; DNA extracts were converted into blunt-end Illumina libraries (37) . All samples were prepared in dedicated ancient DNA (aDNA) facilities at the Evolutionary Biology Center in Uppsala, Sweden. The libraries were sequenced on Illumina's HiSeq platform at the SNP&SEQ Technology Platform SciLife Sequencing Centre in Uppsala. All 16 samples were screened for human DNA, and only individuals with over 1% of human DNA content (n = 8) were used for downstream analysis. See SI Appendix, section S2 and Dataset S8 for details.
Next Generation Sequencing Data Processing and Authentication. Paired-end reads were merged, and remaining adapters were trimmed (38) . The merged and trimmed reads were subsequently mapped to the human reference genome using BWA (39); potential PCR duplicates with identical start and end coordinates were collapsed into consensus sequences. The sequences showed a deamination pattern toward fragment ends, which are characteristic for ancient DNA (16) . Contamination was estimated based on discordant sites in mitochondria and the X chromosome in males (40) (41) (42) . A detailed description can be found in SI Appendix, section S3.
Uniparental Haplogroups. Consensus sequences for the mitochondrial genomes of all samples were called using the samtools package (43) . We used haplofind (44) to assign the mitochondrial genome to known mitochondrial haplogroups. Y haplogroups were assigned based on PhylotreeY (45) . We excluded all non-SNP sites, transition sites (to avoid deamination damage), and A/T and G/C SNPs (to avoid strand misidentification). See SI Appendix, sections S4 and S5 for details.
Modern Reference Data. The ancient samples were merged with the Human Origins genotype data (1, 46) , excluding transition sites and sites showing indels. Most of the ancient samples have sequencing depths too low to confidently call diploid genotypes. Therefore, we randomly sampled one allele per individual and SNP site. Only reads and bases with a minimum mapping and base quality of 30 were considered. To increase power for the comparison of sequenced ancient individuals, we repeated the same procedure for 1.9 million transversion SNPs, which were polymorphic in Yorubans of the 1000 Genomes Project phase 3 data (21) . See SI Appendix, section S7 for a detailed description.
Population Genetic Analysis. PCAs of ancient individuals and modern European populations from the Human Origins dataset were conducted using EIGENSOFT (47) . Ancient individuals were projected onto the PC1-PC2 space using Procrustes analysis (48) . We calculated D-statistics (46) to check for consistency of the data with different tree topologies and f3 and f4 statistics (46, 49) to estimate affinities among populations. See SI Appendix, section S8 for more details.
TreeMix (20) was used to infer a bifurcating population tree plus admixture events for the highest coverage individuals from each of the ancient European groups using Denisovans (50) as an outgroup and restricting the analysis to transversion SNPs that were polymorphic in Yorubans (21) . Correction for low sample sizes was turned off (-noss), and SEs were estimated using blocks of 500 SNPs. We show the admixture graph for m = 4 in Fig. 2A , and a detailed description of the methods and results for other migration events can be found in SI Appendix, section S9.
Model-based clustering of the ancient individuals together with Eurasian and North African populations from the Human Origins dataset (1) was conducted with ADMIXTURE (22) . The genotype data were pruned for linkage disequilibrium, and we tested different numbers of clusters from K = 2 to K = 15. The results of 50 iterations per number of clusters were combined using CLUMPP (51) and plotted with distruct (52) . We chose to display K = 10 in the main paper (Fig. 3A) because it is the lowest value of K to show a clear distinction between hunter-gatherer, early farmer, North African, and Near Eastern components. The plot for all Ks is shown in Dataset S1, and more details can be found in SI Appendix, section S10.
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